Cytoplasmic granules of neutrophils contain sev eral well characterized components of cationic pep tides (Selsted et ai., 1985; Henson and Johnston, 1987; Coyle et ai., 1994). Cationic peptides, which are re leased from activated eosinophils (e.g., major basic protein, eosinophil peroxidase), can also increase mi crovascular permeability in the lung and contract air- 470 the contractile effect of cationic polypeptides but did not affect contractions to phorbol 12,13-dibutyrate. PolY-L arginine (10-6 M) and polY-L-lysine (10-6 M) abolished endothelium-dependent relaxations in response to brady kinin (10-10-10-6 M) or calcium ionophore A23187 (10-9-10-6 M). Heparin (50 Vlml) and dextran sulfate (200 mglml) restored endothelium-dependent relaxations to bradykinin (10-1°_10-0 M) in arteries exposed to poly-L-arginine (10-6 M) or polY-L-lysine (10-6 M). These studies demon strate that in the lower concentration range (10-8_10-7 M), polY-L-arginine and polY-L-lysine induce endothelium dependent relaxations by production of nitric oxide via charge-dependent activation of endothelial nitric oxide synthase. In the higher concentration range (10-°-10-5 M), cationic polypeptides cause endothelium-independent con tractions as well as impairment of endothelium-dependent relaxations in response to bradykinin and A23187. These contractions and inhibition of endothelium-dependent re laxations are also mediated by a charge-dependent mecha nism and may involve activation of protein kinase C.
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way smooth muscle (Frigas and Gleich, 1986; Coyle et ai., 1994; Spina and Goldie, 1994; Minnicozzi et ai., 1995) . Previous studies in isolated rat aorta (Thomas et ai., 1986 (Thomas et ai., , 1989 Rapoport et ai., 1989) and in isolated bovine pulmonary arteries and veins (Ignarro et ai., 1989) suggested that cationic polypep tides induce endothelium-dependent relaxations via increased production of nitric oxide. In contrast, sev eral studies on peripheral arteries indicated that pro longed contact of blood vessels with cationic polypep tides inhibits relaxations induced by activation of endothelial cells (Chang et ai., 1987; Ignarro et ai., 1989; Rapoport et ai., 1989) , illustrating a complexity of vascular effects mediated by positively charged molecules. A more recent study demonstrated that electrostatic forces play an important role in the regu lation of endothelial nitric oxide synthase activity (Venema et ai., 1995) . Because the effects of cationic polypeptides have not been studied in cerebral arter-ies, the present study was designed to determine if polY-L-arginine and polY-L-lysine affect cerebral arte rial function including production, release, and vaso dilator activity of nitric oxide.
METHODS
The experiments were performed on 4-mm basilar artery rings taken from mongrel dogs (15-20 kg) of either sex, anesthetized with 30 mg/kg i.v. pentobarbital sodium. All procedures were conducted in accordance with institutional guidelines. Rings were studied in modified Krebs-Ringer bicarbonate solution (control solution) of the following composition (mM): NaCl l18.3, KCI 4.7, CaCh 2.5, MgS0 4 1.2, KH2P0 4 1.2, NaHC03 25.0, calcium ethylenediamine tetraacetate (EDT A) 0.026, and glucose 11.1. In certain rings, the endothelium was removed mechanically (Katusic et aI., 1984 (Katusic et aI., , 1989 . Each ring was connected to an isometric force transducer (Grass FT03) and suspended in an organ chamber filled with 25 ml control solution (37°C, pH 7.4) bubbled with 94% 02/6% CO2 gas mixture. Each ring was then gradually stretched to the optimal point of its length tension curve as determined by the contraction to uridine 5' -triphosphate (10-5 M). In most of the studied arteries, optimal tension was achieved at -3 g. The functional integ rity of endothelium was evaluated by the presence of relax ation induced by vasopressin (10-7 M) (Katusic et aI., 1984) .
Preparation �f oxyhemoglobin
Oxyhemoglobin was prepared by adding 1 mM solution of mixtures of reduced and oxidized hemoglobin and a 40-fold molar excess of sodium hydrosulfite. Sodium hydrosul fite was then removed by dialysis against 15 L of distilled water containing 1 % EDTA bubbled with nitrogen at room temperature. After dialysis, the oxyhemoglobin content was determined using a co-oximeter (282 Co-oximeter; In strumentation Laboratory, Lexington, MA, U.S.A.) (Mar tin et aI., 1985; Katusic et aI., 1989) . Previous studies demon strated that commercially available hemoglobin could be contaminated with endotoxin (Mayberg et ai., 1990 ) and hemin (Letarte et aI., 1993) . In the present study, hemoglo bin was used as a pharmacological tool to chemically inacti vate nitric oxide, and under our experimental conditions we did not detect nonselective effects of hemoglobin.
Drugs
The following pharmacological agents were used: cal cium ionophore A23187, arginine vasopressin, bradykinin, dextran sulfate, dimethyl sulfoxide (DMSO), EDTA, he moglobin, heparin, indomethacin, L-arginine hydrochlo ride, ,vG-nitro-L-arginine methyl ester (L-NAME), PDBu, polY-L-arginine (MW 92,000-95,400), poIY-L-lysine (MW 87,400-95,100), potassium chloride (KCl), papaverine hy drochloride, sodium hydrosulfite, staurosporine, uridine 5'-triphosphate (Sigma, St. Louis, MO, U.S.A.), and 3-morpholinosydnonimine (SIN-l) (Casella AG, Frankfurt, Germany). Drugs were dissolved in distilled water such that volumes of <0.2 ml were added to the organ chambers. 
Concentration-response curves
Concentration-response curves were obtained in a cu mulative fashion. Several rings cut from the same artery were studied in parallel. Only one concentration-response curve was made. All experiments except for those of con centration-response curves to KCl, PDBu, and uridine 5' 
Statistical analysis
The data are expressed as means::':: SD; n refers to the number of dogs from which the basilar artery was taken.
Statistical analysis was performed using a one-way analysis of variance, followed by Scheffe's F test. Differences were considered to be statistically significant when p was <0.05.
RESULTS

Endothelium-dependent relaxations in response to poIY-L-arginine and poly-L-Iysine
PolY-L-arginine (10-8_10-7 M) and polY-L-lysine (10-10-10-7 M) caused endothelium-dependent re laxations (Fig. 1) . The L-arginine analogue L-NAME (10-4 M) reduced relaxations in response to poly-L arginine or polY-L-lysine (Figs. 2 and 3 ). Pretreatment with L-arginine (3 x 10-4 M) restored relaxations induced by the cationic polypeptides in arteries ex posed to L-NAME (Figs. 2 and 3) .
The nitric oxide scavenger oxyhemoglobin (3 x 10-6 M) inhibited relaxations induced by polY-L arginine or polY-L-lysine (Fig. 4) . The negatively charged molecules heparin (1 D/ml) and dextran sul fate (10 mg/ml) reduced and abolished these relax ations, respectively (Figs. 5 and 6). ""
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FIG. 2. Concentration-response curves to poIY-L-arginine obtained in canine basilar arteries with endothelium in the absence and presence of NG-nitro-L-arginine methyl ester (L-NAME; 10-4 M) or L-NAME plus L-arginine (3 x 10-4 M). Data are shown as means ± SD and expressed as percent of maximal relaxation induced by papaverine [3 x 10-4 M; 100% = 4.4 ± 1.1 g (n = 5), 4.8 ± 0.7 g (n = 5), and 4.7 ± 0.6 g (n = 5) for control rings and rings treated with L-NAME or L-NAME plus L-arginine, respectively]. 'Difference between control rings and rings treated with L-NAME is statistically significant (p < 0.05).
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Poly-L-Iysine (-log M) of NG-nitro-L-arginine methyl ester (L-NAME; 10-4 M) or L-NAME plus L-arginine (3 x 10-4 M). Data are shown as means ± SD and expressed as percent of maximal relaxation induced by papaverine [3 x 104 M; 100% = 4.0 ± 0.7 g (n = 5) , 4.2 ± 0.8 g (n = 5), and 4.0 ± 0.8 g (n = 5) for control rings and rings treated with L-NAME or L-NAME plus L-arginine, respectively]. 'Difference between control rings and rings treated with L-NAME is statistically significant (p < 0.05). " -50 
_ Dextran sul fate (l0l'g /ml) n=5 _ Dextran sulfate (10 I'g/ml) n=5 ' as percent of maximal contraction induced by KCI [60 m M; 100% = 3.6 :!: 1.5 9 (n = 5) and 4.1 :!: 2.3 9 (n = 5) for rings with and without endothelium exposed to poIY-L-arginine, 100% = 4.5 :!: 1.3 9 (n = 5) and 3.8 :!: 2.3 9 (n = 5) for rings with and without endothelium exposed to poIY-L-lysine, respectively]. 'In rings exposed to poIY-L-arginine, difference between with and without endothelium is statistically significant (p < 0.05).
independent contractions (Fig. 7) . Staurosporine (10-8 M) abolished contractions in response to the cationic polypeptides (Fig. 8) . Similarly, stauro sporine (10-8 M) significantly reduced contractions caused by PDBu (10-9-10-6 M), whereas this concen tration of staurosporine did not affect endothelium independent contractions caused by KCI (Fig. 9) . Heparin (10 Vlml) and dextran sulfate (100 mgl ml) inhibited contractions induced by polY-L-arginine or poly-L-Iysine (Figs. 10 and 11) . but did not affect contractions caused by PDBu (10-9-10-6 M; n = 5, data not shown), uridine 5'-triphosphate (10-8-10-3 M; n = 5, data not shown), or KCI (10-60 mM; n = 5, data not shown). During contractions induced by polY-L-arginine (10-6 M) and poly-L-Iysine (10-6 M), endothelium-
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Poly-L-arginine (-log M) dependent relaxations to bradykinin (10-10-10-6 M) or calcium ionophore A23187 (10-9-10-6 M) were abolished (Figs. 12 and 13). In rings without endothe lium, the cationic polypeptides also reduced relax ations caused by the nitric oxide donor SIN-l (10-9_ 10-4 M) (Fig. 14) .
In the presence of heparin (50 Vlml) or dextran sulfate (200 mg/ml), endothelium-dependent relax ations to bradykinin (10-10_10-6 M) were restored in arteries exposed to polY-L-arginine (10-6 M) or polY-L-lysine (10-6 M) (Figs. 15 and 16 ). These con centrations of heparin and dextran sulfate did not affect endothelium-dependent relaxations to brady kinin (10-1°-10-6 M; n = 5, data not shown).
DISCUSSION
This is the first study to examine the effect of the synthetic cationic polypeptides polY-L-arginine and polY-L-lysine in cerebral arteries. Our results pro- and rings treated with dextran sulfate, 100% = 3.4 :±: 0.9 g (n = 6) and 3.2 :±: 1.6 g (n = 6) for control rings of poIY-L-lysine and rings treated with sulfate, respectively]. *Difference between control rings and rings treated with dextran sulfate is statistically significant (p < 0.05). In isolated canine basilar arteries, polY-L-arginine and poly-L-Iysine caused endothelium-dependent re laxations. These relaxations were reduced by a nitric oxide synthase inhibitor, L-NAME, and abolished by a nitric oxide scavenger, oxyhemoglobin, demon strating that the effects of cationic polypeptides are mediated by increased production of nitric oxide (Martin et aI., 1985; Moore et aI., 1990) . This conclu sion is also supported by the observation that L arginine reversed the inhibitory effect of L-NAME, indicating that polY-L-arginine and polY-L-lysine pro duce nitric oxide via activation of L-arginine metabo lism. Indeed, previous studies in isolated rat aorta (Thomas et aI., 1986 (Thomas et aI., , 1989 Rapoport et aI., 1989) and in isolated bovine pulmonary arteries and veins (Ignarro et aI., 1989 ) also demonstrated that cationic polypeptides induce endothelium-dependent relax ations via production of nitric oxide.
In the present study, negatively charged molecules, heparin and dextran sulfate, inhibited endothelium dependent relaxations in response to cationic poly peptides. These results are consistent with previous findings on isolated rat aorta (Thomas et aI., 1989) , suggesting that the cationic properties of poly-L arginine and polY-L-lysine are responsible for activa tion of nitric oxide synthase. This conclusion is sup ported by several lines of evidence. The endothelial nitric oxide synthase is located close to or at the plasma membrane (Boje and Fung, 1990) . Upon acti vation by bradykinin, it is translocated from cell membrane to cytosol, indicating that the intracellular translocation may have important implications for the regulation of the nitric oxide synthase activity (Michel et aI., 1993) . A recent study demonstrated that electrostatic interaction between anionic mem brane phospholipids and basic residues in the endo thelial nitric oxide synthase calmodulin-binding do main is an important mechanism responsible for enzyme membrane association (Venema et aI., 1995) . This finding also provided an explanation for the inability of calmodulin to activate membrane-bound endothelial nitric oxide synthase. It is conceivable that the positive charge of cationic polypeptides may abolish association between anionic membrane phos pholipids and the endothelial nitric oxide synthase, resulting in translocation of the enzyme from cell membrane to cytosol, with subsequent stimulation of enzymatic activity and increased production of nitric oxide.
Endothelium-independent contractions in response to poIY-L-arginine and poIY-L-lysine
PolY-L-argi\line and poIY-L-lysine caused endothe lium-independent contractions that were abolished in the presence of the protein kinase C inhibitor staurosporine (Sugawa et aI., 1991) . Staurosporine also inhibited contractions to a well established acti vator of protein kinase C, PDBu (Murray et aI., 1992) . Therefore, it appears that cationic polypeptides may induce cerebral vascular smooth muscle contractions via activation of protein kinase C. However, it is generally accepted that many protein kinase C inhibi tors lack selectivity for protein kinase C over several other kinases (Ohara et aI., 1995) . Staurosporine is a potent protein kinase C inhibitor, but it may also affect activities of cyclic AMP-dependent protein ki nase and myosin light-chain kinase (Ohara et aI., 1995) . In the present study, staurosporine did not affect contractions to KCI, demonstrating that the inhibitory effect on protein kinase C may be selective. These findings suggest that contractions in response to cationic polypeptides can be explained by the acti vation of protein kinase C. Our conclusion is also in agreement with the results of a biochemical study demonstrating that in the rat brain, the arginine-rich polypeptides polY-L-arginine and protamine can allo sterically activate protein kinase C (Leventhal and Bertics, 1993) .
What are the mechanisms responsible for activa tion of protein kinase C by cationic polypeptides? The negatively charged molecules heparin and dex tran sulfate inhibited contractions in response to J Cereb Blood Flow Metab, Vol. 17, No.4. 1997 poIY-L-arginine and polY-L-lysine but did not affect contractions to the protein kinase C activator PDBu. These findings indicate that the effects of heparin and dextran sulfate are not mediated by inhibition of protein kinase C. The ability of negatively charged molecules to neutralize the positive charge of poly L-arginine and polY-L-lysine is the most likely expla nation for the inhibition of contractions to cationic polypeptides. These results suggest that protein ki nase C may be activated by changes in the electrical properties of the cell membrane exposed to cat ionic polypeptides.
Inhibitory effect of poIY-L-arginine and poIY-L-lysine on endothelium-dependent relaxations PoIY-L-arginine and polY-L-lysine abolished endo thelium-dependent relaxations in response to brady kinin and calcium ionophore A23187. These results are consistent with previous findings indicating that prolonged contact of arteries with cationic polypep tides, including polY-L-arginine, poIY-L-lysine, and protamine, inhibits relaxations mediated by activa tion of endothelial cells (Chang et aI., 1987; Ignarro et aI., 1989; Rapoport et aI., 1989) . The most likely explanation for the inhibitory effect of cationic poly peptides could be related to their ability to activate protein kinase C. A number of previous studies dem onstrated that protein kinase C activators inhibit the production, release, and action of nitric oxide in the vascular wall (Cherry and Gillis, 1988; Rubanyi et aI., 1989) . Thus, polY-L-arginine and polY-L-lysine may activate protein kinase C in endothelial cells. This in turn may inhibit the production and release of nitric oxide (Cherry and Gillis, 1988; Rubanyi et aI., 1989) . In our experiments, relaxations in response to SIN-1 were also significantly reduced in arteries without endothelium. This finding is in agreement with the previously reported inhibitory effect of phorbol es ters on nitric oxide-induced relaxations of vascular smooth muscle (Rubanyi et aI., 1989) . Hu et al. (1995) reported that cationic polypeptides inhibit the enzymatic activity of neuronal nitric oxide synthase. This effect was observed in cytosolic prepa rations of rat cerebellum, indicating that it resulted from direct interaction between cationic polypeptides and nitric oxide synthase rather than activation of a signal transduction pathway in the cell membrane. Our observations do not allow any conclusion regard ing the effect of cationic polypeptides on the enzy matic activity of endothelial nitric oxide synthase. Furthermore, we cannot rule out the possibility that this mechanism may contribute to inhibition of endothelium-dependent relaxations observed in the presence of polY-L-arginine or polY-L-lysine.
Higher concentrations of positively charged mole-cules (>2 X 10-4 M for polY-L-arginine or polY-L lysine, > 10-2 M for protamine) may morphologically damage endothelium, indicating the possible cytotox icity of cationic polypeptides (Nagy et aI., 1983; Chang et aI., 1987; Rapoport et aI., 1989) . In contrast, Sunnergren et ai. (1987) demonstrated that prot amine at a concentration of 10-2 M does not induce morphological damage to endothelial cells. Thus, whether the 10-6 M concentration of polY-L-arginine and polY-L-lysine affects the morphology of cerebral arteries remains to be determined. However, since poly-L-lysine (10-7 M) can inhibit relaxations in re sponse to endothelium-dependent agonists without morphological damage to endothelial cells (Ignarro et aI., 1989) , it is possible that a 10-6 M concentration of cationic polypeptides impairs function without af fecting endothelial morphology.
Implications for vascular physiology and pathogenesis of cerebral arterial diseases
Endothelial nitric oxide synthase plays a key role in the regulation of cerebral arterial tone (Faraci and Brian, 1994) . Shear stress as well as a number of circulatory hormones participate in control of nitric oxide production under physiological conditions. Our results sugges� that positively charged molecules may affect nitric oxide synthase activity and smooth mus cle cells reactivity to nitric oxide. More importantly, it is clear that electrostatic forces represent an im portant mechanisms involved in nitric oxide mediated control of vascular tone. Interaction between leukocytes and blood vessels results in extensive dilation, loss of endothelial integ rity, and plasma extravasation (McEver, 1994) . Leu kocytes produce oxygen-derived free radicals, which inhibit endothelium-dependent relaxations (Henson and Johnston, 1987; McEver, 1994) . In cerebral arter ies, activated leukocytes can induce an acute impair ment of the endothelium-dependent relaxations (Akopov et aI., 1994) and a vasoconstrictor effect contributing to cerebral ischemia, especially in the presence of an atherosclerotic lesion (Faraci et aI., 1991) . Leukocytes may also play a role in the patho genesis of cerebral vasospasm due to subarachnoid hemorrhage (Peterson et aI., 1990) and hypoperfu sion after brain ischemia (Gr0gaard et aI., 1989). Our results indicate that vascular effects attributed to acti vated leukocytes could be mimicked by synthetic cat ionic polypeptides. Indeed, in vivo concentrations of cationic polypeptides released from activated leuko cytes can reach concentrations of > 10-6 M (Frigas and Gleich, 1986) . Thus, our findings may help to explain complex changes in cerebral arterial tone in duced by positively charged molecules released from white blood cells.
